Electrical detection of spins is an essential tool in understanding the dynamics of spins in semiconductor devices, providing valuable insights for applications ranging from optoelectronics 1, 2 and spintronics 3 to quantum information processing 4-8 . For electron spins bound to shallow donors in silicon, bulk electrically-detected magnetic resonance has relied on coupling to spin readout partners such as paramagnetic defects 5, 6 or conduction electrons 4, 7, 8 which fundamentally limits spin coherence times. Here we demonstrate electrical detection of phosphorus donor electron spin resonance by transport through a silicon device, using optically-driven donor-bound exciton transitions 9, 10 . We use this method to measure electron spin Rabi oscillations, and, by avoiding use of an ancillary spin for readout, we are able to obtain long intrinsic electron spin coherence times, limited only by the donor concentration 11 . We go on to experimentally address critical issues for adopting this scheme for single spin measurement in silicon nanodevices, including the effects of strain, electric fields, and non-resonant excitation. This lays the foundations for realising a versatile readout method for single spin readout with relaxed magnetic field and temperature requirements compared with spin-dependent tunneling 12, 13 .
Shallow donor electron and nuclear spins in silicon have extraordinarily long coherence times [9] [10] [11] , making them attractive candidates for quantum information processing 14 , quantum memory 15 , as well as for quantum sensing applications 16 . In addition, neutral shallow donors can form bound exciton states (D 0 X) with relatively long lifetimes (∼200-300 ns [17] ) and correspondingly narrow intrinsic line widths, enabling optical transitions with both electron and nuclear spin selectivity 18 . D 0 X can be formed by a direct photon excitation The D 0 X spin-selective optical transitions are attractive for realising hybrid optical-electrical ensemble spin detection in silicon since no decoherence-inducing paramagnetic centre close to the dopant is required for spin-charge conversion. In addition, they could enable high-fidelity single dopant electron spin readout without the requirement of keeping the thermal energy much less than the Zeeman splitting -this is in contrast with spin-dependent tunneling schemes 12 , where, for example, ≈ 80 % electron spin readout fidelity was achieved at T ≈ 300 mK and B ≈ 1 T [13] . The maximum temperature for spin readout using D 0 X is limited by its dissociation energy of approximately 5meV [19] , such that this could be readily implemented at liquid helium temperatures. Spin readout fidelity is instead determined by the optical transition linewidths (approximately 20 neV when lifetime limited) compared to the D 0 X spin splitting, which is always at least the hyperfine interaction strength (A = 0.486 µeV for phosphorus donors ( 31 P)). Hence, zero magnetic field measurements are possible in principle. These strongly relaxed experimental conditions open the possibility of practical implementation of quantum sensing applications with donor spins 16 , and enable access to the long donor spin relaxation times observed at low magnetic fields (B 1 T) [11] .
The D 0 X Auger recombination process has recently been used in conjunction with contact-less capacitive schemes in bulk silicon for the detection of nuclear spin coherence times in highly enriched 28 Si [9, 10] . We Carrier injection from the electrical contacts prohibits measurements at larger electric fields.
To demonstrate electrical detection of electron spin resonance using D 0 X we set the magnetic field to B ≈ 0.35 T and tuned our laser on resonance with transitions 5-6, as shown in Fig. 1(d) . This optical excitation drives the spin-selective ionisation of spin-up electrons, after some time (∼ 100 ms) leaving the donor electrons hyperpolarised into the spin-down state 18 . The laser excitation is turned off to allow coherent control of the donor spins via applied microwave pulses, and then turned on again for readout. Fig. 2(a) shows the measured current transients with, and without, a microwave π pulse applied, illustrating how the difference in the integrated signals between the two is a measure of the donor spin z-projection. Using this method we measure electron spin Rabi oscillations ( Fig. 2(b) ), demonstrating coherent manipulation and We measure the electron spin coherence time by implementing a two-pulse Hahn echo sequence with an additional pulse used to project the coherence into the population of the spin eigenstate (Fig. 2(c) ). The fluctuations in signal amplitude after 1 ms are due to the presence of instrumental magnetic field noise so that only the period 2τ ≤ 1 ms is fit to extract the spin coherence time. The measured value of T 2 = 1.5ms is in good agreement with bulk spin resonance measurements for samples under similar dopant concentrations and isotopic purity 11 , and reflects the advantage of utilising spin-selective optical transitions for electrical readout, as the donor spin coherence is no longer inherently limited by nearby sources of decoherence (e.g.
T 2 ≈ 1 µs for spin-dependent recombination with interface paramagnetic defects 5 ).
Below we address additional considerations for extending these results to realise single donor spin detection utilising neutral donor bound excitons, in particular the effects of i) strain and electric fields in nanodevices and ii) off-resonance optical excitation on readout fidelity. As observed in our silicon device, the D 0 X transition energies are extremely sensitive to local strains in the silicon crystal. This is further exemplified by the fact that the D 0 X inhomogeneous linewidth differs widely in bulk-doped electronic grade silicon crystals: ≈ 100 µeV for Czochralski silicon, ≈ 5 µeV for float-zone silicon and ≤ 0.2 µeV for highquality isotopically enriched 28 Si [18] . Two important factors impacting electron spin readout fidelity using this approach are the ability to detect the resonantly-formed ionised donor state (e.g. using a charge sensor) and false readings arising from non-resonant ionisation events. The former is unlikely to be limiting as bound excitons can be resonantly generated at a much faster rate than typical spin relaxation times (≈ 85 MHz in our experimental set up, see Supplementary Information), and once ionised, the dopant neutralisation time is in the order of 10 ms (depending strongly on the concentration of free carriers) which is ample time for charge state detection. On the other hand, non-resonant ionisation of the donor state can be caused by off-resonance photons directly ionising neutral donors, or creating free excitons which subsequently recombine at neutral donor sites (we note, however, the energy required for free exciton formation is approximately 5 meV higher than resonant D 0 X transitions in bulk silicon). We examine the role of non-resonant irradiation in more detail below by observing its effect on bulk electron spin resonance (ESR) measurements. We first show the electron spin hyperpolarisation through the ESR signal enhancement seen for an echo-detected field sweep, with and without a laser pulse tuned to the 5-6 D 0 X transition (Fig. 4(a) ). The dynamics of this process can be seen by mapping out the echo intensity at different times during the laser pulsing sequence, as shown in Fig. 4(b) . The echo intensities are normalised with respect to the thermal equilibrium signal, and when the laser pulse is on resonance, the maximum electron spin polarisation achieved is close to 100% (see Supplementary Information). Conversely, when the laser is detuned away from resonance by 3 µeV, the echo intensity remains constant and identical to the thermal equilibrium measurement. This demonstrates that off-resonant ionisation is negligible in dilutely doped substrates (as both direct ionisation and free excitondonor recombination would diminish the echo intensity) and hence is unlikely to pose a major limit on electron spin readout fidelity. Nevertheless, if non-resonant ionisation is found to affect readout fidelity to some degree, the donor nuclear spin could be used as an ancilla for performing repetitive measurements 28 .
A hybrid optical-electrical single donor detection scheme utilising donor bound excitons coupled to a quantum point contact has been previously proposed 29 , however, the uncertainty in local strain and 
